The common octopus, Octopus vulgaris, is the first invertebrate species that was shown to possess two oxytocin/vasopressin (OT/ VP) superfamily peptides, octopressin (OP) and cephalotocin (CT). Previously, we cloned a GPCR (G-protein-coupled receptor) specific to CT [CTR1 (CT receptor 1)]. In the present study, we have identified an additional CTR, CTR2, and a novel OP receptor, OPR. Both CTR2 and OPR include domains and motifs typical of GPCRs, and the intron-exon structures are in accord with those of OT/VP receptor genes. CTR2 and OPR expressed in Xenopus oocytes induced calcium-mediated inward chloride current in a CT-and OP-specific manner respectively. Several regions and residues, which are requisite for binding of the vertebrate OT/VP receptor family with their ligands, are highly conserved in CTRs, but not in OPR. These different sequences between CTRs and OPR, as well as the amino acid residues of OP and CT at positions 2-5, were presumed to play crucial roles in the binding selectivity to their receptors, whereas the difference in the polarity of OT/VP family peptide residues at position 8 confers OT and VP with the binding specificity in vertebrates. CTR2 mRNA was present in various peripheral tissues, and OPR mRNA was detected in both the nervous system and peripheral tissues. Our findings suggest that the CT and OP genes, similar to the OT/VP family, evolved through duplication, but the ligand-receptor selectivity were established through different evolutionary lineages from those of their vertebrate counterparts.
INTRODUCTION
Oxytocin (OT) and vasopressin (VP) are structurally related neurohypophysial peptide hormones in mammals. The major endocrine functions of OT are the contraction of the uterus in reproduction and milk ejection, and those of VP are the regulation of osmotic balance and contraction of smooth muscle cells in arteries [1, 2] . The difference in the polarity of OT/VP family peptide residues at position 8 is believed to enable OT and VP to interact selectively with their respective receptors (Table 1) [3] . All vertebrate species, except for cyclostomes [4, 5] , contain at least one OT family peptide and one VP family peptide. It has been proposed that vertebrate OT and VP genes have evolved via duplication from a common ancestral gene. In contrast, only a single OT/VP superfamily peptide was isolated from proterostomes [6] . Consequently, the OT/VP family gene might have been present in the Archaemetazoa, a stem group from which both vertebrates and invertebrates diverged about 600 million years ago [6] .
OT/VP family peptide receptors are typical members of the rhodopsin-type (class I) GPCRs (G-protein-coupled receptors). To date, four vertebrate OT/VP receptors have been identified. The OT receptor (OxyR) is selective for OT, and the V1a, V1b and V2 receptors (V1aR, V1bR, and V2R) are all selective for VP. OxyR, V1aR and V1bR, coupled to Gq/11, activate the inositol 1,4,5-trisphosphate-calcium signal transduction cascade [7] [8] [9] , whereas V2R is coupled to adenylate cyclase via G-proteins followed by production of cAMP [10] . Although many GPCR genes do not contain an intron, the OxyR, V1aR, V1bR, and V2R genes [7] [8] [9] [10] contain an intron at the same location between the sixth and seventh transmembrane (TM) domains.
Octopuses are one of the most advanced invertebrates in the aspects of intelligence, sensory systems and physical ability [11] , suggesting that octopuses have some unique neuropeptidergic regulation comparable with those of vertebrates. In fact, we have characterized two members of the OT/VP superfamily peptide, namely cephalotocin (CT) [2] and octopressin (OP) [12] , in Octopus vulgaris. The high conservation of sequence and gene organization between OP and CT suggests that they occurred via gene duplication [13] . Moreover, we have cloned CTR1, a CT receptor (CTR) from octopus brain, which is specific to CT, apart from an isoleucine residue conserved in OP and CT at position 8 (Table 1) [14] , allowing us to presume that octopus possess more than two receptors specific for OP and/or CT.
In the present study, we report the sequence, activity and localization of a CT receptor subtype (CTR2) and an OP receptor (OPR) and genome structure of those genes. Our results suggest unprecedented structural evolution of invertebrate OT/VP superfamily peptides and ligand-receptor selectivity.
EXPERIMENTAL

Animals
Adult octopuses (approx. 2 kg), Octopus vulgaris, were purchased from a local fish shop, and kept in artificial seawater at 18
• C.
Abbreviations used: CT, cephalotocin; CTR, cephalotocin receptor; GPCR, G-protein-coupled receptor; LSCPR, Lys-conopressin receptor; ORF, open reading frame; OP, octopressin; OPR, octopressin receptor; OT, oxytocin; OxyR, oxytocin receptor; RACE, rapid amplification of cDNA ends; RT, reverse transcriptase; TM, transmembrane; UTR, untranslated region; VP, vasopressin; V1aR, V1a receptor; V1bR, V1b receptor; V2R, V2 receptor. 1 To whom correspondence should be addressed (email minakata@sunbor.or.jp).
The nucleotide sequence data reported appears in DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under the accession numbers AB112347, AB116233, AB158493, AB158494, AB158495, AB158496 and AB158497. Total RNA and mRNA preparation
Total RNA was extracted from various tissues using Sepasol-RNA I Super (Nacalai Tesque, Kyoto, Japan) and mRNA was prepared using an Oligotex TM -dT30 mRNA Purification Kit (Takara Bio, Kyoto, Japan) according to the manufacturer's instructions.
Oligonucleotide primers
Oligonucleotide primers were purchased from Qiagen (Tokyo, Japan) and Proligo (Kyoto, Japan). Degenerate primers, OP/CT-R TM6N, OP/CT-R TM7N and OP/CT-R TM7a-2, were designed based on sequences in the sixth and seventh TM domains respectively, both of which are conserved among the receptors of the OT/VP superfamily in vertebrates, CTR1 and the Lys-conopressin receptors (LSCPR1 and LSCPR2). All primers used are listed in the supplementary data (http://www.BiochemJ.org/bj/387/ bj3870085add.htm).
Cloning of the partial-length cDNA
All PCR amplifications were carried out in a reaction mixture containing Ex Taq TM polymerase (Takara Bio) and 200 µM dNTPs in a PerkinElmer GeneAmp PCR System 9700 thermal cycler (Applied Biosystems Japan, Tokyo, Japan). Total RNA was isolated from various tissues of octopus and reverse-transcribed using Oligo (dT) 12−18 primer and Superscript II supplied in the SuperScript Choice System (Invitrogen, Groningen, The Netherlands). The first PCR was performed using OP/CT-R TM6N and OP/CT-R TM7a-2 under the following conditions: 5 min at 94
• C, 40 cycles of 30 s at 94 • C, 30 s at 50 • C, 1 min at 72
• C (7 min for the last cycle). The second PCR was performed using OP/CT-R TM6N and OP/CT-R TM7aN under the following conditions: 94
• C for 5 min, 30 cycles of 30 s at 94 • C, 30 s at 50
• C, 1 min at 72 • C (7 min for the last cycle). PCR products separated by 1.5 % agarose gel electrophoresis were purified using a Qiaquick TM Gel Extraction kit (Qiagen), and subcloned into the pDrive cloning vector using the Qiagen PCR cloning kit according to the manufacturer's instructions. Subcloned inserts were sequenced on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems Japan) using a Big-Dye sequencing kit version 1.1 (Applied Biosystems Japan) and analysed using GENETYX-MAC software (Software Development, Tokyo, Japan). Universal M13 primers or gene-specific primers were used to sequence both strands.
-RACE (rapid amplification of cDNA ends) and 5 -RACE
The transcriptional start site was determined by oligo-capping RACE methods by use of the GeneRacer kit (Invitrogene). First strand cDNA was synthesized from mRNA with the GeneRacer Oligo dT Primer supplied in the GeneRacer kit (Invitrogene) according to the manufacturer's instructions. The first PCR was performed using the GeneRacer 3 primer and CTR2 3 -1F for CTR2 cDNA (or OPR 3 -1F for OPR cDNA) (for primer sequences, see http://www.BiochemJ.org/bj/387/ bj3870085add.htm) under the following conditions: 5 min at 94
• C, 35 cycles of 30 s at 94
• C, 30 s at 52 • C, 2 min at 72 • C (7 min for the last cycle). The second PCR was performed using the GeneRacer 3 nested primer and CTR2 3 -2F (or OPR 3 -2F) under the following conditions: 94
• C for 5 min, 35 cycles of 30 s at 94
• C, 30 s at 52 • C, 2 min at 72 • C (7 min for the last cycle). The second PCR products were subcloned and sequenced as described above. The 5 -ends of the cDNAs were determined as follows: the first template was amplified using the GeneRacer 5 primer and CTR2 5 -1R (or OPR 5 -1R). Each of the first PCR products was re-amplified using the GeneRacer 5 nested primer and CTR2 5 -2R (or OPR 5 -2R). Both first and second PCR reactions were performed for 5 min at 94
• C, 35 cycles for 30 s at 94 • C, 30 s at 52
• C, and 2 min at 72 • C (7 min for the last cycle). The second PCR products were subcloned and sequenced as described above.
RT (reverse transcriptase)-PCR and Southern blot analysis
Each of total RNAs (1 µg) extracted from various tissues was reverse transcribed using SuperScript Choice System (Invitrogene). The PCR was performed using CTR2 Fw1 and CTR2 Rv1 for CTR2 (or OPR 3 -1F and OPR Rv1 for OPR) (for primer sequences, see http://www.BiochemJ.org/bj/387/ bj3870085add.htm) under the following conditions: 5 min at 94
• C, 30 s at 52 • C, 1 min at 72 • C (7 min for the last cycle). The PCR products were separated by 1.5 % agarose gel electrophoresis, and then transferred on to Hybond-N + membrane (Amersham Bioscience, Piscataway, NJ, U.S.A.) and cross-linked by UV irradiation. Digoxigenin-labelled oligonucleotide probes, digoxigenin-CTR2 Fw2 for CTR2 (or OPR 3 -2F for OPR), were hybridized with the CTR2 cDNA or the OPR cDNA respectively at 50
• C. The methods for detection have been described previously [14] . The expression of octopus β-actin (AB053937) was also tested as an internal control.
Expression of receptor in Xenopus oocytes
The ORF (open reading frame) region of the orphan receptor cDNAs were amplified and inserted into a pSP64 poly(A) vector (Promega, Madison, WI, U.S.A.). The plasmid was linearized with EcoRI, and cRNA was prepared using SP6 RNA polymerase (Ambion, Austin, TX, U.S.A.). The methods for assay were the same as those described previously [14] . OP and CT were synthesized with a solid-phase peptide synthesizer using standard Fmoc TM chemistry (Model 433A, Applied Biosystems Japan). Peptides of the OT/VP superfamily were purchased from Bachem (Bubendorf, Switzerland).
Determination of the intron-exon structure and promoter region
High-molecular-mass DNA from the Octopus vena cava was isolated using a Qiagen Genomic-tip system according to the manufacturer's instructions. A genomic DNA library was constructed using the GenomeWalker Universal kit (BD Biosciences Clonthech, Tokyo, Japan). Octopus genomic DNA digested with DraI, EcoRV, PvuII and StuI was subjected to PCR amplification in the 5 and 3 directions using adaptor primers and genespecific primers according to the manufacturer's instructions. The amplified products were subcloned and sequenced using several gene-specific primers.
RESULTS
Cloning and structure of the putative GPCRs
The sixth and seventh TM domains are highly conserved among known receptors of the OT/VP superfamily in vertebrates, as well as invertebrates. To identify receptors for OP and CT in octopus, three degenerate primers were designed based on the conserved regions, and RT-PCRs were performed between these primers. BLAST searches of the two PCR products showed the highest homology of the resultant fragments with OT/VP superfamily receptors. A full-length cDNA sequence (2130 bp) encoding the CTR2 was determined by the 5 -/3 -RACE methods from the octopus branchial vessel. CTR2 was shown to comprise an ORF of 426 amino acids and 395 bp of 5 -UTR (untranslated region) and 544 bp of 3 -UTR. The other full-length cDNA sequence (1833 bp) encoding the OPR was also determined using the same method from the salivary gland, revealing that OPR has an ORF of 419 amino acids flanked by 220 bp of 5 -UTR and 351 bp of 3 -UTR.
As shown in Figure 1 , both CTR2 and OPR contain the seven hydrophobic TM regions and several potential sites for N-linked glycosylation and phosphorylation that are the most typical characteristic of GPCRs. Consensus sequences for N-linked glycosylation sites (Asn-Xaa-Ser/Thr; two sites in CTR2, three sites in OPR) were found in the extracellular N-terminal domain; and consensus sequences for phosphorylation by protein kinase A (Lys/Arg-Xaa-(Xaa)-Ser/Thr; twelve sites in CTR2, thirteen sites in OPR), by protein kinase C (Ser/Thr-Xaa-Lys/Arg; eight sites in CTR2, four sites in OPR), and by protein kinase CK2 (Ser/ThrXaa-Xaa-Asp/Glu; two sites in CTR2, one site in OPR). These are located exclusively in the third intracellular loop and the Cterminus, suggesting that phosphorylation is involved in the modulation of G-protein coupling and receptor function [15] . An aspartate in TM2 (Asp 98 in CTR2, Asp 80 in OPR) and the consensus tripeptide (Glu/Asp-Arg-Tyr and Asp-Arg-Tyr in CTR2 and OPR) at the interface of TM3, both of which are believed to play a pivotal role in the receptor activation in the class I GPCR family, were also conserved. Two cysteine residues responsible for a disulphide bridge in most GPCRs were present (at positions 119 and 198 in CTR2, at positions 107 and 182 in OPR) in the first and second extracellular loops in both the putative octopus GPCRs. These results indicated that CTR2 and OPR belong to the class I GPCR family.
Comparative amino acid sequence between the octopus receptors and OT/VP receptor family
The total amino acid sequence of the CTR2 is 33.1-48.1 % homologous to the sequences of other OT/VP receptor family members, and OPR is 24.9-40.5 % homologous ( Table 2 ). The sequence of similarity of CTR2 and OPR to the OT receptor family is not so different from their similarity to VP receptors. When combined with these findings, the sequence analysis revealed that CTR2 and OPR are octopus counterparts for the OT/VP receptors. Several residues in the TM and extracellular domains are known to play a crucial role in the binding of the OT/VP receptors to their ligands. Five glutamine residues in TM domains 2, 3, 4 and 6 (at positions 92, 96, 119, 171 and 294 in the rat OxyR) and a lysine residue localized in TM3 (Lys 128 in the rat V1R) are known to play a crucial role in the binding of the OT/VP receptors to their ligands [18] . Lys 128 in the V1aR is proposed to interact with the glutamine residue at position 4 in VP. These residues are highly conserved in CTR1 and CTR2, but not in OPR. In OPR, three glutamine and lysine residues are substituted by histidine, threonine, leucine and glutamine residues. The sequences Phe-Gln-Val-Leu-ProGln-Leu at the C-terminal end of TM2, Gly-Pro-Asp in the first extracellular loop, Asp-Cys-Trp-Ala and Pro-Trp-Gly in the second extracellular loop in the OT/VP receptors (Figure 1 ), which are presumed to have a crucial role in ligand binding [19] , are substituted by Phe-Asn-Ile-Leu-Pro-Gln-Leu, Ala-Gly-Asp, AspCys-Trp-Val and Ala-Trp-Val, and Phe-His-Ile-Leu-Pro-Thr-Ile, Gly-Asp-Ile, Leu-Cys-Arg-Pro and Glu-Leu-Ala sequences in the corresponding regions of CTR2 and OPR respectively.
Intron-exon structure of the CTR1, CTR2 and OPR genes
Although many GPCR genes do not contain any introns, the OxyR, V1aR, V1bR and V2R genes [7] [8] [9] [10] contain an intron at the same location between TM6 and TM7. Thus we determined the intron-exon structure of CTR1, CTR2 and OPR. The CTR1 gene consists of two exons and one intron with 6972 bp between TM6 and TM7 (Figure 2) , which occurred at position 1446-1467 in the CTR1 cDNA. Both OPR and CTR2 genes comprise three exons and two introns. The introns longer than 1.5 kb and 531 bp occurred at positions 155-156 and 1197-1978 in the OPR cDNA. The introns longer than 6 kb and 1512 bp occurred at positions 315-316 and 1252-1253 in the CTR2 cDNA. CTR2 and OPR genes were also found to harbour an intron between TM6 and TM7. This comparative analysis of intron-exon structure suggests that the mammalian OT/VP receptor gene and the octopus CTR1, CTR2 and OPR genes were derived from a common ancestral gene. In addition, the sequence around the intron-exon junctions of these receptor genes was in accordance with the GT-AG consensus splicing site.
Functional expression of the cloned receptors in Xenopus oocytes
To evaluate binding affinity and selectivity of CTR2 and OPR to CT and OP, each of these receptors was expressed in Xenopus oocytes, since this system has been employed for functional analysis of OT/VP receptors other than V2 [7] [8] [9] [10] . The voltageclamped oocytes expressing CTR2 or OPR displayed typical inward membrane currents upon application of CT at 100 nM ( Figure 3A) or of OP at 100 nM ( Figure 3E ). In contrast, OP
Figure 1 Sequence alignment of CTR2, OPR and receptors of the OT/VP superfamily
The amino acid sequence of CTR2 and OPR are aligned with those of the Octopus CTR1 [14] , Lymnaea LSCPR1 and LSCPR2 [16, 17] , and the rat receptors (OxyR, V1aR and V2R [7, 8, 10] ). Amino acid residues that are identical in all receptors are indicated by an asterisk. N-linked glycosylation sites are underlined. Potential phosphorylated serine or threonine residues are marked by open circles. Amino acid residues in shaded boxes are believed to play a pivotal role in the GPCR activation, and those in boxes are highly conserved in the vertebrate receptors of the OT/VP superfamily, but not in other GPCRs, and have been suggested to be important in receptor-ligand interactions [19] . Residues in the agonist-binding pocket, as described in the text, are shown by arrows. Horizontal lines above the sequnce indicate the seven putative TM domains. The nucleotide sequences have been deposited into the DDBJ, EMBL and GeneBank ® databases under the accession numbers: CTR2, AB112347; OPR, AB116233.
failed to trigger current even at levels higher than 10 µM on CTR2 ( Figure 3B) . Similarly, OPR showed no response to CT ( Figure 3D ). The EC 50 for CT on CTR2 and OP on OPR were estimated to be 67.2 + − 8.9 nM and 68.2 + − 9.3 nM respectively from the dose-response curves ( Figures 3C and 3F) . We also tested vertebrate and other invertebrate OT/VP superfamily peptides, such as OT, mesotocin, isotocin, VP, vasotocin, annetocin, Lys-conopressin or Arg-conopressin, but they had no effect, even at levels higher than 10 µM (results not shown).
Localization of CTR1, CTR2 and OPR mRNA
Southern blot analysis of RT-PCR products for CTR1, CTR2 and OPR was performed to detect the tissue distribution of CTR1, CTR2 and OPR mRNAs in the central and peripheral nervous systems, and in several peripheral tissues of Octopus (Figures 4A-4D ). The CTR1 transcripts were highly expressed in central and peripheral nervous systems, whereas relatively low expression was seen in pancreas, oviduct and ovary. CTR2 transcripts were present abundantly in the various peripheral tissues, but faintly in the nervous systems. OPR transcripts were widely expressed in both the nervous system and the peripheral tissues.
DISCUSSION
Previously, we showed that the common octopus, Octopus vulgaris, has two members of the OT/VP superfamily, OP and CT [12] . The distinct biological activities of OP and CT [12] were indicative of the presence of receptors specific for each peptide. Indeed, the octopus cephalotocin receptor, CTR1, exhibited binding specificity for CT, but not for OP. Moreover, the presence of a subtype of CTR1 was supported by the fact that mammalian VP receptors and Lymnaea LSCPRs constitute the subfamily [7] [8] [9] [10] 16, 17] . In the present study, we have cloned two novel receptors of OP and CT from the octopus. Comparative sequence analysis revealed that CTR2 and OPR share high similarity to the OT/VP receptors. OPR, CTR1, and CTR2 genes, similar to all the vertebrate receptors, have an intron between the sixth and seventh TM domains (Figure 2) . Furthermore, functional analysis of CTR2 and OPR expression in the Xenopus oocytes provided evidence that CTR2 and OPR exerted specific activation by CT and OP respectively ( Figure 3 ). These results lead to the conclusion that CTR2 and OPR are receptors specific for CT and OP respectively, and that these octopus receptors share a common ancestor with the vertebrate OT/VP receptors. Although the differences in the polarity of amino acid residues at position 8 are believed to confer on OT and VP families the binding selectivity for their respective receptors [3] , both annetocin (threonine at position 8) and Lys-conopressin (lysine at position 8) induced egg-laying-like behaviour in the leech, Whitmania pigra, to a similar degree [20] , and activated annetocin receptor [21] . In the present study, we found unique structureactivity relationships between OP and CT. Amino acid residues at positions 2-5 are completely different, and the isoleucine at position 8 is conserved between OP and CT (Table 1) . Nevertheless, CTR1, CTR2 and OPR exerted high specific activation by CT and OP respectively (Figure 3 ) [14] . These data revealed that the difference in the polarity of the amino acid at position 8 is not responsible for the binding specificity of OP and CT for these receptors. Five glutamine residues in TM domains 2, 3, 4 and 6 and the lysine residue localized in TM3, which are requisite for the interaction of OT and VP with their receptors [18] , are highly conserved in the OT/VP receptors, CTR1, and CTR2, whereas three glutamine and lysine residues are substituted by different residues in OPR. The residue at position 3 is a phenylalanine or isoleucine, position 4 is a glutamine or arginine, and position 5 is an asparagine residue in most OT/VP family peptides, whereas they are tryptophan, threoine and serine residues in OP. The substitution of amino acid residues suggests that the ligand-receptor binding mode for OP and OPR differs from other OT/VP superfamily peptides and receptors. The sequences Phe-Gln-Val-Leu-Pro-Gln-Leu, Gly-Pro-Asp, Asp-CysTrp-Ala and Pro-Trp-Gly in the vertebrate OT/VP receptors (Figure 1) , which are proposed to play an important role in ligand binding [19] , are substituted by Phe-Asn-Ile-Leu-Pro-Gln-Leu, Ala-Gly-Asp, Asp-Cys-Trp-Val and Ala-Trp-Val, and Phe-HisIle-Leu-Pro-Thr-Ile, Gly-Asp-Ile, Leu-Cys-Arg-Pro and GluLeu-Ala sequences in the corresponding regions of CTR2 and OPR respectively. Such amino acid substitutions were also found in other invertebrate OT/VP receptors, including CTR1, annetocin receptor, LSCPR1 and LSCPR2. Moreover, these invertebrate receptors are not activated by vertebrate OT/VP family peptides [14, 16, 17, 21] . Consequently, it is suggested that the substitution of amino acid residues in those receptors is consistent with the binding specificity of octopus OT/VP superfamily peptides to their receptors, which is dependent on amino acid residues of the peptide between position 2 and 5 of OP and CT, unlike those of vertebrate counterparts, and binding specificity of invertebrate OT/VP superfamily peptides to their receptors has been established in the evolutionary lineage distinct from those of vertebrates. OPR widely distributed in both the nervous systems and peripheral tissues ( Figure 4C ). The distribution of OPR in peripheral tissues is in agreement with our previous study, given that OP evoked rhythmic contractions with increased tonus in the rectum, oviduct, and efferent branchial vessel, rhythmic contractions in the spermatophoric gland, and tonic contractions in the ring slice of the anterior aorta in a previous study [12] . Therefore, a major physiological role for OP is contractile action of various tissues though OPR.
Expression of CTR1 mRNA was limited in the central and peripheral nervous systems and tissues associated with reproduction [14] . On the other hand, CTR2 mRNA was mainly distributed in peripheral tissues, although CT did not induce contractile activities on the smooth muscles of several Octopus tissues (Figures 4A and 4B ). These expression profiles indicate two major physiological roles of CTR2-medicated CT, namely, ammonia excretion and production/secretion of steroid hormones. Argvasotocin caused prominent transient increases in urea excretion from branchia of toadfish, and Arg-vasotocin receptor mRNA was expressed in the branchia [22, 23] . Furthermore, ammonia is excreted from the branchia of octopus [24] . Consequently, it can be presumed that CT is involved in the control of ammonia excretion via CTR2 expressed in the branchia. In mammals, V1aR has been identified in the epididymis, vas deferens, Leydig cells and Leydig-derived cell lines, and the presence of VP has been reported in the Leydig cells of several mammals, suggesting that VP regulates testosterone production [25] [26] [27] [28] [29] . These findings, combined with the abundant expression of CTR2 in the vas deferens and testis, support a notion that CT participates in production and/or secretion of the steroid hormones via CTR2.
The OP and CT mRNA were distributed in different regions of the octopus brain [12, 13] , and OP stimulated contractions in various tissues for which CT is devoid of any contractile activity [12] . Such distinct localization and physiological action suggest that OP and CT gene expressions are controlled by different transcriptional factors. Therefore also of interest is the transcriptional regulation of the OP and CT genes. Transcription of OT and VP gene is positively and negatively regulated by distinct factors: EREs (oestrogen-responsive elements) and HREs (hormone-response elements) are involved in the promoter regions of the OT gene, whereas CRE (cAMP-response element), AP-2 (activator protein-2) and GRE (glucocorticoid-response element) are found in the promoter regions of the VP gene [2, 30] . We found that the promoter regions of OP and CT genes have several putative regulatory elements, such as GRE-, CRE-and AP-2-binding sites located in the VP promoter, whereas ERE and HRE sites, which are typical for the OT gene promoter, are absent in both promoters (A. Kanda, H. Satake, T. Kawada and H. Minakata, unpublished work). Whether only these VP gene-like or additional novel elements are involved in the distinct transcriptional regulation is now being examined.
In conclusion, we have cloned octopus OP and CT receptors specific for OP and CT respectively, and noted the differences in the tissue distribution of CTR1, CTR2 and OPR mRNA, suggesting that octopus established the advanced physiological functions through regulation by OP and CT. The octopus OT/VP gene also evolved through duplication, whereas the ligand-receptor selectivities were established through different evolutionary lineages to those of their vertebrate counterparts. The analysis of not only the sequences of peptides and receptors, but also their ligand-receptor binding mode, revealed unprecedented molecular and functional evolution of the OT/VP superfamily in invertebrates.
